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Low-luminosity active galactic nuclei (LL AGNs) have radiatively inefficient accretion flows (RI-
AFs), where thermal electrons naturally emit not only synchrotron photons but also soft gamma
rays via the Comptonization of their synchrotron photons. We find that without any nonther-
mal electron population, these upscattered photons from LL AGNs naturally account for the MeV
gamma-ray background, whose origin has been a mystery. The model also allows proton acceleration
via turbulence or reconnections, producing high-energy neutrinos via hadronuclear interactions. We
demonstrate that our RIAF model can simultaneously reproduce the soft (MeV) gamma-ray and
high-energy (PeV) neutrino backgrounds. The proposed model is consistent with the latest x-ray
observations of nearby LL AGNs and testable by future MeV gamma-ray telescopes.
INTRODUCTION
The Universe is filled with high-energy radiation, in-
cluding x rays [1], gamma rays [2, 3], and high-energy
neutrinos [4–8]. It is widely believed that the bulk
of the cosmic x-ray background is produced by radio-
quiet active galactic nuclei (AGNs) [9], while radio-loud
AGNs including blazars predominantly contribute to the
extragalactic gamma-ray background in the GeV-TeV
range [10].
The origin of the soft gamma-ray background has yet
to be determined (see Ref. [11] for a review). Although
type Ia supernovae [12, 13], radio galaxies [14] includ-
ing flat-spectrum radio quasars (FSRQ; [15]), and dark
matter [16, 17] were proposed, recent works indicate that
these candidates cannot explain all of the measured in-
tensity with standard parameters [18–22]. Alternatively,
Refs. [23–25] suggested that nonthermal electrons accel-
erated in the coronae in radio-quiet AGNs can account for
the MeV gamma-ray background. However, the existence
of nonthermal electrons is highly speculative because the
electrons are rapidly thermalized by Coulomb collisions
in typical coronae [26]. On the other hand, proton accel-
eration by reconnections and turbulence may naturally
occur due to their slower Coulomb relaxation, in which
hadronic gamma rays are unavoidable through proton-
induced electromagnetic cascades inside the magnetized
coronae. In this hadronic scenario, RQ AGNs including
Seyfert galaxies and quasars can explain the high-energy
neutrino background in the 10-100 TeV range, which pre-
dicts that ∼ 20− 100% of the observed MeV gamma-ray
background should be accounted for [26].
We here propose a scenario to naturally explain the
soft gamma-ray background in the MeV range without
relying on nonthermal mechanisms. Radiatively ineffi-
cient accretion flows (RIAFs; [27–29]) are ubiquitously
expected in low-luminosity AGNs (LL AGNs), and ob-
served infrared and radio emissions are explained by
synchrotron radiation from hot thermal electrons. We
show that associated soft gamma rays from the Comp-
tonization naturally make a significant contribution to
the gamma-ray background up to ∼ 10 MeV. In addition,
protons in the RIAFs can be accelerated and efficiently
emit neutrinos via hadronic interactions [30–34], which
implies that our RIAF model can naturally account for
the current gamma-ray and neutrino backgrounds simul-
taneously. We use the notation QX = Q/10
X in cgs
units, and εi (Ei) for the source-frame (observer-frame)
energy of particle i unless otherwise noted.
GUARANTEED SOFT GAMMA RAYS FROM
RIAFS
First we provide basic properties of standard RIAFs
(see the accompanying paper [35] for technical details).
We consider an accreting plasma of size R around a
supermassive black hole (SMBH) of mass MBH with an
accretion rate M˙ . We use the normalized radius and
mass accretion rate, R = R/RS and m˙ = M˙c
2/LEdd,
respectively, where RS is the Schwarzschild radius and
LEdd is the Eddington luminosity. Based on recent
numerical simulations (e.g., Refs. [36–41]), the radial
velocity, number density, and magnetic field in the RIAF
are analytically approximated to be VR ≈ αVK/2 ≃
3.4 × 108 R
−1/2
1 α−1 cm s
−1, np ≈ M˙/(4πmpRHVR) ≃
4.6 × 108 R
−3/2
1 α
−1
−1M
−1
8 m˙−2 cm
−3, and B ≈√
8πnpkBTp/β ≃ 2.1×10
2 R
−5/4
1 α
−1/2
−1 M
−1/2
8 m˙
1/2
−2 β
−1/2
1
2TABLE I. Parameters and resulting quantities in our models.
Model parameters
α β R ηrad,sd MBH/M⊙ κbol/X κX/Hα ǫp q η
0.1 10 10 0.1 1× 108 15 6.0 3× 10−4 1.66 10
Resulting quantities for various LX,obs
logLX,obs log m˙ τT Θe logEγγ PCR/Pth
[erg s−1] [MeV] [%]
38.78 -3.33 -2.38 3.38 5.58 1.5
39.68 -2.88 -1.93 2.74 5.24 1.4
40.59 -2.43 -1.48 2.08 4.16 1.2
41.50 -1.98 -1.02 1.49 3.44 0.88
42.40 -1.52 -0.57 1.05 2.25 0.57
G, where α is the viscosity parameter [42],
VK =
√
GM/R is the Keplerian velocity,
kBTp ≈ GMBHmp/(2R) ≃ 23 R1 MeV is the pro-
ton temperature, and β = Pth/PB is the plasma beta.
Observations of x-ray binaries and AGNs demand
α ∼ 0.1 − 1 [43], while the global MHD simulations
result in α ∼ 0.01− 0.1 and β ∼ 3 − 30 [38, 44]. Hence,
we set α = 0.1 and β = 10 as their reference values.
In the RIAFs, photons are mainly created by
thermal electrons through synchrotron radiation,
bremsstrahlung, and inverse Compton scattering. We
calculate the photon spectra by the method in Ref. [30].
The electron temperature is determined so that the
resulting photon luminosity is equal to the bolometric
luminosity estimated by m˙. Assuming that Coulomb col-
lisions are the dominant heating process for the electrons,
we write a relation between m˙ and bolometric luminos-
ity, Lbol, as Lbol ≈ ηrad,sdm˙critLEdd(m˙/m˙crit)
2,where
ηrad,sd ∼ 0.1 is the radiation efficiency for the standard
disk [45], and m˙crit ≈ 0.03 α
2
−1 is the critical mass
accretion rate above which the RIAF no longer exists
[46–49]. Note that this treatment is qualitatively
different from the previous work [30] where Lbol ∝ m˙ is
assumed. Such a treatment may be appropriate if the
electrons are directly heated by the plasma dissipation
process [50–53]. But these details will not change our
conclusions on LL AGNs bright in soft MeV gamma rays.
The observed x-ray luminosity at the 2–10 keV band
can be converted to the bolometric luminosity using the
bolometric correction factor, κbol/X = Lbol/LX,obs ≃ 15
for LL AGNs [54–57]. We provide LX,obs as a primary
parameter and convert it to m˙ using κbol/X and the
relation between m˙ and Lbol.
For parameter sets shown in Table I, the values of
the physical quantities, including the electron temper-
ature, Θe = kBTe/(mec
2), and the Thomson opti-
cal depth, τT ≈ 0.095M
−1
8 R1m˙−2α
−1
−1, are tabulated
in Table I. The resulting x-ray luminosity matches
LX,obs within a factor of 2, although our method
does not guarantee it. The RIAFs become optically
thick to synchrotron self-absorption, and the absorp-
FIG. 1. Thermal photon spectra from the RIAFs in NGC
3998 (blue-solid) and NGC 4579 (red-dashed). The thick-
dotted lines are the best-fit curves of x-ray observations. We
use κbol/X = 9 for NGC 3998 to match the normalization
to the observed value. The thin-dotted line is the sensitivity
curve of e-ASTROGAM with 1-yr integration [58].
tion frequency located at the radio band is higher than
the value derived from the optically thin limit. In
this case, the absorption frequency is determined such
that the synchrotron emissivity equals to the black-
body radiation: εsyn ≈ 3πxMhpeBΘ
2
e/(4πmec) ≃
0.005B2Θ
2
e,0xM,3 eV, where xM ∼ 10
3 represents the
discrepancy of the absorption frequency between the
optically thin and thick limits [48]. The synchrotron
luminosity from an optically thick source is repre-
sented by Lsyn ≈ π(2ε
3
synkBTe/[h
3
pc
2])πR2 ≃ 3.6 ×
1039 erg s−1M28R
2
1Θ
7
e,0B
3
2x
3
M,3.
The thermal electrons up-scatter the synchrotron pho-
tons, and the resulting spectrum can be approximated
to be a power-law form with the index of αIC =
− ln τT / lnAIC, where AIC = 4Θe+16Θ
2
e [59]. If αIC < 1,
the Comptonization dominates over the other cooling
processes. For Θe ∼ 2, the condition is satisfied as
long as τT >∼ 0.014, i.e., m˙
>
∼ 3 × 10
−3 (see Table
I). The luminosity of the Comptonized photons can be
given by LIC ≈ Lsyn(3kBTe/εsyn)
1−αIC . Owing to the
strong Θe dependence, our model predicts that elec-
tron temperature in the RIAF lies in a narrow range of
Θe ∼ 1−3, unavoidably making a peak at the MeV range
for m˙ >∼ 3 × 10
−3 (see Refs. [30, 35] and Supplemental
Material for the complete spectra).
Our model is consistent with high-energy observations
of nearby LL AGNs. Recently, Ref. [60] reported an esti-
mate of the electron temperature for an LL AGN, NGC
3998 (DL = 14.1 Mpc), to be kBTe ≃ 30− 40 keV. How-
ever, they just observed a subtle softening in the 10–60
keV band. Our RIAF model reproduces a similar fea-
ture as shown in Fig. 1. Ref. [60] also provided the x-ray
spectrum for NGC 4579 (DL = 16.4 Mpc), which has a
higher m˙ and does not show any softening feature. Our
model also produces a hard power-law spectrum consis-
tent with the observation (see Fig. 1). Thus, observing
3a clear cutoff feature is necessary to determine the elec-
tron temperature, which will be achieved by future MeV
satellites, such as e-ASTROGAM [58], AMEGO [61], and
GRAMS [62] (see Fig. 1).
NONTHERMAL PARTICLES IN RIAFS
The protons in RIAFs can be accelerated by magneto-
hydrodynamic (MHD) turbulence [41, 63] and/or mag-
netic reconnections [64, 65] generated by the magnetoro-
tational instability (MRI; see, e.g., Refs. [66, 67]). Here,
we focus on the stochastic proton acceleration mechanism
[68]. Details of the model and the cases with other accel-
eration mechanisms are provided in Supplemental Mate-
rial and the accompanying paper [35]. We solve the dif-
fusion equation in momentum space in which the acceler-
ation time is written as tacc ≈ ηβ
−2
A (H/c)[εp/(eBH)]
2−q,
where H is the scale height, βA = B/
√
4πmpnpc2 is the
Alfve´n velocity, η is the acceleration efficiency parameter,
and q is the spectral index of the turbulence power spec-
trum. We consider a delta-function injection term for the
stochastic acceleration process. The value of the injec-
tion energy has no influence on the resulting spectrum as
long as the injection energy is much lower than the cut-
off energy. The amount of nonthermal protons, or cosmic
rays (CRs), is determined so that
∫
Lεpdεp = ǫpm˙LEdd
is satisfied, where Lεp = t
−1
lossεpdNp/dεp is the proton lu-
minosity [26], ǫp is the energy fraction carried by CRs,
and t−1loss = t
−1
cool+ t
−1
esc is the total energy loss rate includ-
ing cooling and escape processes. We use the Chang-
Cooper method to solve the diffusion equation [69, 70].
As the proton cooling mechanism, we consider the proton
synchrotron, Bethe-Heitler, photomeson, and pp inelastic
collision processes. The calculation methods for the cool-
ing timescales by these processes are given in Ref. [71].
Regarding the escape process, we only consider the in-
fall escape. The diffusive escape is inefficient because the
high-energy protons tend to move in the azimuthal direc-
tion due to the magnetic field configuration in the RIAFs
[41, 63].
The CRs produce neutrinos and gamma rays through
both pp and pγ interactions. We calculate neutrino
spectra from pp collisions using the formalism given by
Ref. [72]. For the neutrinos by pγ interactions, we use
a semi-analytic prescription given in Refs. [26, 71, 73].
The effect of meson cooling is negligible in the RIAFs,
so the neutrino flavor ratio is ∼ 1 : 1 : 1 : on Earth.
The hadronic interactions also produce gamma rays and
electron/positron pairs, which initiate electromagnetic
cascades. We calculate the cascade emission by solv-
ing the kinetic equations of electron/positron pairs and
photons (see Refs. [74, 75] for technical details). We
approximately treat the pair injection processes by the
Bethe-Heitler process and photomeson production as in
FIG. 2. Diffuse gamma-ray and all-flavor neutrino intensities.
Data points are provided by Swift-BAT ([76]; green-circle),
SMM ([77]; purple-triangle), Nagoya-baloon ([78]; blue-star),
COMPTEL ([2]; red-square), Fermi-LAT ([3]; black-plus),
and IceCube ([79, 80]; green and cyan regions). Top: Diffuse
intensities for photons by thermal electrons (red), neutrinos
by CR protons (blue), and gamma rays by proton-induced
electromagnetic cascades (green). The thick-dashed, thin-
dotted, and thick-solid lines are contributions from RIAFs
in LL AGNs (this work), coronae in luminous AGNs [26], and
sum of these, respectively. The yellow band in the MeV range
indicates the uncertainty by the luminosity function. Bottom:
Soft gamma-ray (red) and neutrino (blue) intensities from rel-
atively luminous (dotted) and faint (dashed) LL AGNs.
Refs. [26, 35].
GAMMA-RAY AND NEUTRINO
BACKGROUNDS.
We calculate the diffuse gamma-ray and neutrino in-
tensities from the RIAFs of LL AGNs. Because the Hα
luminosity functions, ρHα, include much fainter sources
than the x-ray luminosity functions, we use ρHα provided
by Ref. [81]: ρHα ≈ ρ∗/[(LHα/L∗)
s1 + (LHα/L∗)
s2 ],
4FIG. 3. The expected νµ-induced event number with IceCube
(thin-blue) and IceCube-Gen2 (thick-red) as a function of Eν .
The solid, dashed, and dotted lines are for NGC 4565, stack-
ing of 5 and 30 brightest LL AGNs, respectively.
where ρ∗ ≈ 4.11×10
−5 Mpc−3, L∗ = 3.26×10
41 erg s−1,
s1 = 2.78, and s2 = 1.88. We extrapolate this lumi-
nosity function to Lmin = 10
38 erg s−1, below which
the Palomar survey finds a hint of a break [82]. The
survey also indicates a correlation between LX,obs and
LHα for LL AGNs: κX/Hα = LX,obs/LHα ≃ 6.0 [82].
Ref. [83] provided a sample of LL AGNs, and the mean
and median values of log(MBH/M⊙) are 8.0 and 8.1, re-
spectively. Also, the x-ray luminosity density is dom-
inated by AGNs with M ∼ 108 − 3 × 108 M⊙ if the
Eddington ratio function is independent of the SMBH
mass [54, 84, 85]. Thus, we set MBH = 10
8 M⊙ as a ref-
erence value. Finally, we integrate the gamma-ray and
neutrino fluxes over the range of 1038 erg s−1 ≤ LHα ≤
ηrad,sdm˙critLEdd/(κX/Hακbol/X) ≃ 4.2 × 10
41 erg s−1.
Since dimmer AGNs tend to have weaker redshift evo-
lution [76, 85, 86], no redshift evolution of the luminosity
function is used. We consider the gamma-ray attenua-
tion by the extragalactic background light, and include
the exponential suppression with the optical depth given
in Ref. [87]. The γγ pair production initiates intergalac-
tic electromagnetic cascades (e.g., [88]), but it has little
influence on the GeV gamma-ray intensity due to the low
photon cutoff energy, Eγγ , as shown in Table I.
The top panel of Fig. 2 shows the resulting gamma-
ray and neutrino intensities from LL AGNs. As shown in
the bottom panel, relatively luminous LL AGNs mainly
contribute to the MeV intensity. In particular, LL AGNs
with LHα ∼ L∗ provide the dominant contribution, which
is analytically estimated to be [e.g., 89]
E2γΦγ ∼
c
4πH0
fzρ∗ǫγLǫγ (1)
∼ 9× 10−6 GeV s−1 cm−2 sr−1
(
fz
0.6
)(
ǫγLǫγ
50L∗
)
,
where fz is a factor by the redshift evolution of the lumi-
nosity function [90]. This is consistent with our numeri-
cal results and the observed MeV background by COMP-
TEL. We stress that the resulting MeV gamma-ray in-
tensity does not strongly depend on parameters related
to the RIAF, such as α, β, MBH, m˙crit, and the electron
heating prescription, as long as we can use the luminosity
function and bolometric correlation. They are dominated
by the most luminous AGNs in X rays. In our RIAF
model, the Comptonized emission by thermal electrons
naturally accounts for the soft gamma-ray background in
the 1–10 MeV range, below which canonical AGN coro-
nae explain the x-ray background.
Furthermore, our RIAF model with a nonthermal pro-
ton component can simultaneously reproduce the Ice-
Cube data above ∼ 0.3 PeV. The required pressure ratio
of CRs to thermal protons is PCR/Pth ∼ 0.01, as shown
in Table I. This value is reasonable in the sense that the
CR energy density is lower than the magnetic field energy
density. Interestingly, the AGN coronae above standard
disks can account for medium-energy neutrinos in the
10–100 TeV range with a similar parameter set: η = 10
and PCR/Pth ∼ 0.01 [26]. We also plot this contribution
from luminous AGNs (Seyfert galaxies and quasars) in
the neutrino background. We find that our unified AGN
core scenario is viable as an explanation for a wide en-
ergy range of the cosmic keV-MeV photon and TeV-PeV
neutrino backgrounds, as demonstrated in Fig. 2. Note
that LL AGNs with a broad range of LHα equally con-
tribute to the neutrino intensity for Eν ∼ 0.1−1 PeV and
the relatively fainter LL AGNs mainly emit neutrinos of
Eν >∼ 1 PeV (see Fig. 2).
We also estimate the expected number of νµ-induced
events from nearby LL AGNs, Nµ, using the method in
Refs. [71, 73] and the effective area in Ref. [91]. Stacking
∼ 10 LL AGNs enables IceCube-Gen2 to detect the sig-
nal as shown in Fig. 3, although current facilities are too
small to detect the signal. The atmospheric background
is negligible in the energy range. The high-energy gamma
rays accompanied with the neutrinos are considerably at-
tenuated in the RIAFs, making the GeV gamma-ray in-
tensity well below the Fermi data (see Fig. 2). Thus,
LL AGNs are regarded as gamma-ray hidden neutrino
sources [92].
SUMMARY AND DISCUSSION
We proposed RIAFs in LL AGNs as a promising guar-
anteed origin of the soft gamma-ray background. We
constructed a one-zone model that reproduce the ob-
served x-ray features of LL AGNs, and demonstrated
that LL AGNs can also account for the high-energy neu-
trino background simultaneously. In the RIAFs, elec-
trons are thermalized and emit soft gamma rays through
Comptonization, suggesting a higher thermal to nonther-
mal transition energy than previously expected. Protons
there are collisionless and naturally accelerated, produc-
5ing high-energy neutrinos efficiently. Our model is con-
sistent with the Fermi data in the GeV range owing to
the gamma-ray attenuation inside the RIAF.
A major uncertainty for the background intensities
arises from the luminosity function. Ref. [93] pro-
poses an order of magnitude lower ρHα with ρ∗ =
2.0 × 10−6 Mpc−3 and L∗ = 1.0 × 10
42 erg s−1.
Then, an analytic estimate gives E2γΦγ ∼ 1.2 ×
10−6 GeV s−1 cm−2 sr−1, which is somewhat smaller
than the observed MeV gamma-ray background. With
our reference parameters, the critical Hα luminosity
above which RIAFs no longer exist is lower than L∗
of Ref. [93], which could potentially impact on E2γΦγ
as shown in the top panel of Fig. 2. To reproduce
the IceCube neutrino data with this luminosity function,
PCR/Pth >∼ 0.3 is necessary. Even with such a strong CR
pressure, the dynamical structure of the RIAFs does not
change [94] as long as CRs are confined in the flow. In
this situation, the gamma rays from proton-induced cas-
cades are enhanced, and we expect the detection of high-
energy gamma-ray by Fermi LAT from nearby LL AGNs.
However, such a high CR pressure is at odds with the as-
sumption that the turbulence energy is the source of the
CRs. The uncertainty in the luminosity function should
be palliated by future surveys using a line-sensitive opti-
cal instrument or a sensitive x-ray satellite, such as PFS
[95] or eROSITA [96] and FORCE [97].
High-energy multimessenger observations are essen-
tial to identify the origin of the gamma-ray and neu-
trino backgrounds. Point-source detections of nearby LL
AGNs are challenging for the present IceCube but hard
x rays detected from several sources are consistent with
our RIAF model. Planned experiments, such as IceCube-
Gen2 [98] and the proposed MeV satellites, will be able to
detect the neutrino signals and thermal MeV gamma rays
including the cutoff feature from the nearby LL AGNs.
Our model will be concretely tested by future multimes-
senger observations as discussed in the accompanying pa-
per [35]. Especially, future MeV gamma-ray observations
may determine the electron temperature in RIAFs, which
will shed light on electron heating mechanisms in magne-
tized collisionless plasmas. The electron temperature in
RIAFs also affects the interpretation of the photon ring
observed by the Event Horizon Telescope [99, 100]. The
emission region of the observed photon ring is determined
by the electron temperature and magnetization, which
should be clarified by a future multi-wavelength model-
ing of nearby LL AGNs. Furthermore, the anisotropy
tests for MeV gamma rays are promising [101], and our
RIAF model predicts a smaller anisotropy than those of
Seyfert and FSRQ models.
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and the Eberly Foundation (P.M.).
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1Supplemental Material
Soft photon spectra with various parameters
We calculate the soft photon spectra using the method
given in Refs. [30, 35]. To see the parameter dependence,
we plot the soft photon spectra for various values of
LX,obs and β in Fig. S1. For the cases with m˙ >∼ 3×10
−3,
i.e., the cases with logLX,obs >∼ 40.6, the Comptonization
process dominates over the other cooling processes, mak-
ing a bump in the MeV band. Lower values of β make
the synchrotron emission more efficient, leading to lower
values of the electron temperature. The Comptonization
in such cases is weaker, and thus, the MeV bump is blunt,
compared to the cases with a high value of β.
Stochastic proton acceleration in RIAFs
Here, we describe the details of the stochastic acceler-
ation model. To obtain the CR spectrum, we solve the
diffusion equation in the momentum space:
∂Fp
∂t
=
1
ε2p
∂
∂εp
(
ε2pDεp
∂Fp
∂εp
+
ε3p
tcool
Fp
)
−
Fp
tesc
+ F˙p,inj,
(S1)
where Fp is the momentum distribution function for pro-
tons (dN/dεp = 4πp
2Fp/c), Dεp is the diffusion coeffi-
cient, tcool is the cooling time for protons, tesc is the es-
cape time, and F˙p,inj is the injection function. Assuming
the gyro-resonant scattering, we can write
Dεp ≈
cβ2A
ηH
(rL
H
)q−2
ε2p, (S2)
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FIG. S1. Photon spectrum from thermal electrons in RIAFs
with various LX,obs. The thick and thin lines are for the cases
with β = 10 and β = 3, respectively. The values of logLX,obs
are 38.78, 39.68, 40.59, 41.50, and 42.40 from bottom to top.
where rL = εp/(eB) is the Larmor radius, η =
B2/(8π
∫
Pkdk) is the turbulence parameter (Pk is the
turbulence power spectrum), and q is the power-law in-
dex of Pk. The details of the calculation methods for the
cooling and escape times are written in the accompanying
paper [35] (see also Refs. [26, 30]).
In Fig. S2, we plot the acceleration and loss rates of
CRs for model A (top; shown in the main text) and B
(bottom; accounting for TeV-PeV neutrinos) for the case
with logLX,obs = 41.50 (m˙ ≃ 10
−2) and parameter sets
in Table S1. We estimate timescales of pp inelastic colli-
sions (tpp), photomeson production (tpγ), Bethe-Heitler
pair production (tBH), proton synchrotron (tsyn), infall
escape (tfall), and acceleration (tacc). For both models,
the dominant loss process is the infall escape for the range
of our interest. The infall escape and pp collision do not
produce a strong cutoff due to their weak energy depen-
dence. On the other hand, photomeson production leads
to a sharp cutoff, which determines the peak energy of
the resulting proton spectrum (see Fig. S3). Neutrinos
are mainly produced by the pp collisions for εp <∼ 10
7
GeV, and the photomeson production is effective above
the energy. Bethe-Heitler and proton synchrotron pro-
cesses are always subdominant in our RIAF model. For
higher LX,obs cases, the photomeson production is more
efficient, and hence, the peak energy of the proton spec-
trum is lower.
Fig. S3 shows the resulting spectra of protons, per-
flavor neutrinos, and gamma rays by proton-induced elec-
tromagnetic cascades for logLX,obs = 41.50 for models A
(top) and B (bottom). The proton spectrum has a peak
around 10 PeV (1 PeV) for model A (B), and hard power-
law spectra are achieved below the peak. For model A,
neutrinos are predominantly produced by pp interaction
for εp <∼ 1 PeV, while pγ interactions provide a domi-
nant contribution above the energy. For model B, neutri-
nos are mainly produced by pp interactions, although pγ
interactions give a comparable contribution around the
peak energy. For both models, the cascade gamma-ray
spectra have a flat spectra below the γγ pair-production
cutoff energy, Eγγ (see Table I), as often seen in well-
developed cascades. The cascade gamma-ray luminosity
is comparable to the neutrino luminosity.
The upper panel of Fig. S4 depicts the diffuse gamma-
ray and neutrino intensities for models A and B. Model B
has a lower β, which strengthen the synchrotron emission.
This leads to a slightly weaker Comptonization bump in
the MeV range. Hence, the soft gamma-ray intensity is
lower than that for model A, although the effect is subtle.
The neutrino intensity is normalized such that it matches
the observed TeV–PeV neutrinos. This is about an order
of magnitude higher than that for model A, but the re-
sulting gamma-ray intensity by proton-induced cascades
is still considerably lower than the Fermi data. There-
fore, our LL AGN model can be the source of mysterious
TeV–PeV neutrinos.
2Parameters β ǫp/10
−3 η sinj ηacc/10
5
Model A 10 0.30 10 - -
Model B 3.2 3.0 133 - -
Model C 10 0.30 - 1.0 0.30
Model D 3.2 2.0 - 1.0 10
Model E 10 2.0 - 2.0 0.10
Model F 3.2 10 - 2.0 2.0
TABLE S1. Parameters for stochastic acceleration models.
FIG. S2. Acceleration and loss rates as a function of the
proton energy for model A (top) and B (bottom) with
logLX,obs = 40.50.
Power-law injection models for CRs
If protons are accelerated by another mechanism, such
as magnetic reconnection, the CR spectrum can be ob-
tained by solving the transport equation with a power-
law injection term:
d
dεp
(
−
εp
tcool
Nεp
)
= N˙εp,inj −
Nεp
tesc
, (S3)
FIG. S3. Spectra for protons (long-dashed), photons by
proton-induced electromagnetic cascades (dot-dashed), per-
flavor neutrinos by pp (short-dashed), pγ (dotted), and sum
of them (solid). The top and bottom panels are for model A
and B, respectively.
N˙εp,inj = N˙0
(
εp
εp,cut
)−sinj
exp
(
−
εp
εp,cut
)
, (S4)
where εp,cut is the cutoff energy for the injected protons
and N˙0 is the normalization factor. The injection is nor-
malized such that
∫
εpN˙εp,injdεp = ǫpm˙LEdd is satisfied.
We estimate εp,max by equating the infall timescale to
the acceleration timescale, tacc. We set tacc = ηaccrL/c,
where ηacc is the acceleration efficiency parameter. Equa-
tion (S3) has an analytic solution:
Nεp =
tcool
εp
∫ ∞
εp
dε′pN˙p,inj(ε
′
p) exp
(
−G(εp, ε
′
p)
)
, (S5)
G(ε1, ε2) =
∫ ε2
ε1
tcool
tesc
dε′p
ε′p
. (S6)
The cooling and loss processes are the same with the
stochastic acceleration model. See the accompanying pa-
per [35] for details.
3FIG. S4. Diffuse all-flavor neutrino and gamma-ray intensi-
ties. Data points are the same with Fig. 2. Top: Models for
the stochastic acceleration cases. The thick and thin lines are
for models A and B, respectively. The red-solid, blue-dashed,
and green-dotted lines are for gamma rays by thermal elec-
trons, neutrinos by hadronic interactions, and gamma rays by
proton-induced electromagnetic cascades, respectively. Bot-
tom: Models for power-law injection cases. The thick-solid,
thin-solid, thick-dotted-dashed, and thin-dotted-dashed lines
are high-energy neutrino intensities for models C, D, E, and
F, respectively. The thick-dashed, thin-dashed, thick-dotted,
and thin-dotted lines are gamma-ray intensities by proton-
induced electromagnetic cascades for models C, D, E, and F,
respectively.
In Fig. S4, we plot the diffuse neutrino and gamma-
ray intensities for the power-law injection models with
the parameter sets tabulated in Table S1. Models C
and E explain PeV neutrinos, while models D and F
reproduce 10–100 TeV neutrinos. The cascade gamma-
ray emissions are well below the Fermi data owing to
the low γγ cutoff energy in the RIAFs. Note that the
resulting diffuse MeV gamma-ray intensities for mod-
els C and E (D and F) are the same as that for model
A (B), because the thermal electrons in the RIAFs are
identical. The CR pressure required to achieve the ob-
served neutrino intensity is PCR/Pth ∼ 0.01 for model
C, PCR/Pth ∼ 0.1 for model D, PCR/Pth ∼ 0.1 for
model E, and PCR/Pth ∼ 0.5 for model F. A higher
PCR/Pth is demanded for a higher sinj and for 10–100
TeV neutrinos. In the accompanying paper, we esti-
mate the point-source detectability of the neutrinos from
nearby LL AGNs with the parameter sets for models B,
D, and F, and show that the TeV–PeV neutrinos and
MeV gamma-rays are detectable with the plannped neu-
trino and gamma-ray experiments, IceCube-Gen2 and
AMEGO/eASTROGAM/GRAMS, respectively.
Remarks on previous works
The present work is different from the previous works.
Ref. [30] calculated the neutrino background from RIAFs,
considering stochastic particle acceleration by MHD tur-
bulence. It indicated that the RIAFs can account for the
neutrino background for either 10−100 TeV or for 0.1−1
PeV, but did not estimate the gamma-ray emission and
neutrino point-source detectability. Recently, Ref. [35]
estimated the neutrino and gamma-ray emissions from
RIAFs in nearby LL AGNs using a similar model, and
discuss the neutrino and gamma-ray detectabilities from
nearby LL AGNs. In addition to the stochastic accel-
eration model, the power-law injection models were dis-
cussed. The electromagnetic cascades initiated by the
hadronic processes were also taken into account. Ref. [34]
considered the gamma-ray and neutrino emissions from
magnetically arrested disks (MADs) in radio galaxies.
The efficient acceleration that is nearly the theoretical
limit is assumed. This could be possible by magnetic re-
connections, and the maximum energy of the accelerated
particles is much higher than the other papers. However,
it ignored acceleration of primary electrons and did not
calculate electromagnetic cascades, but the gamma-ray
attenuation by the two-photon annihilation process was
taken into account.
In the present work, we focused on the high-energy
background radiation from LL AGNs, and acceleration
in the bulk of accretion disks are considered. On the
other hand, Ref. [26] calculated the neutrino and gamma-
ray emissions from hot coronae surrounding the accretion
disk in Seyfert galaxies and quasars, fully taking into ac-
count electromagnetic cascades. It showed that Seyfert
galaxies and quasars can account for the X-ray and 10–
100 TeV neutrino backgrounds that require gamma-ray
hidden sources. Although these objects and LL AGNs be-
long to different populations of AGNs, for the first time
we showed that the unified AGN core model can simul-
taneously explain the X-ray and MeV gamma-ray back-
grounds without nonthermal electrons, together with the
TeV-PeV neutrino background with relativistic protons.
Strictly speaking, the prescription of the nonthermal par-
4ticle injection for our RIAF model is also different from
that for the AGN corona model in Ref. [26]. In the RIAF
model, we use a constant ǫp parameter, i.e., the frac-
tion of CR luminosity to the accretion luminosity is in-
dependent of m˙. On the other hand, in the AGN corona
model, we considered that F˙p,inj is proportional to LX .
In the latter treatment, ǫp depends on LX and m˙. The
injection process of nonthermal CR acceleration remains
an open problem, so we examined effects of both pre-
scriptions. We find that our RIAF model can reproduce
0.1−1 PeV neutrino data with either of the prescriptions,
with a similar value of PCR/Pth ∼ 0.01. The results for
higher-luminosity LL AGNs are almost identical for our
RIAF model, and our conclusions are nearly independent
of these prescriptions about the injection. Also, the AGN
coronamodel with a constant ǫp parameter can reproduce
the IceCube neutrino data of 10 − 100 TeV with a simi-
lar PCR/Pth, because the AGNs with LX ∼ 10
44 erg s−1
predominantly contribute to the diffuse intensities.
